Epigenetic regulation of chromatin plays a critical role in controlling embryonic stem (ES) cell selfrenewal and pluripotency. However, the roles of histone demethylases and activating histone modifications such as trimethylated histone 3 lysine 4 (H3K4me3) in transcriptional events such as RNA polymerase II (RNAPII) elongation and alternative splicing are largely unknown. In this study, we show that KDM5B, which demethylates H3K4me3, plays an integral role in regulating RNAPII occupancy, transcriptional initiation and elongation, and alternative splicing events in ES cells. Depletion of KDM5B leads to altered RNAPII promoter occupancy, and decreased RNAPII initiation and elongation rates at active genes and at genes marked with broad H3K4me3 domains. Moreover, our results demonstrate that spreading of H3K4me3 from promoter to gene body regions, which is mediated by depletion of KDM5B, modulates RNAPII elongation rates and RNA splicing in ES cells. We further show that KDM5B is enriched nearby alternatively spliced exons, and depletion of KDM5B leads to altered levels of H3K4 methylation in alternatively spliced exon regions, which is accompanied by differential expression of these alternatively splice exons. Altogether, our data indicate an epigenetic role for KDM5B in regulating RNAPII elongation and alternative splicing, which may support the diverse mRNA repertoire in ES cells.
INTRODUCTION
Gene expression in embryonic stem (ES) cells is regulated in part by packaging of DNA into chromatin, which is comprised of histones, DNA, RNA and associated proteins. Post-translational modification of histones, such as methylation, contributes to the regulation of chromatin structure (1) by influencing the activity of epigenetic modifiers and the transcriptional state of the underlying DNA sequence. Combined, these functions are important for controlling gene expression networks that promote self-renewal or differentiation.
Methylation of histone 3 lysine 4 (H3K4me3) is enriched at transcriptional start sites (TSS) of active genes (2) (3) (4) (5) (6) , and is presumed to be a platform for RNA polymerase II (RNAPII) binding and target gene activation (7) (8) (9) . Demethylation of H3K4me3 is facilitated by lysine demethylase 5 (KDM5) family members (10) . KDM5 enzymes, such as KDM5B, which catalyzes H3K4 demethylation, have traditionally been presumed to be transcriptional repressors (11) (12) (13) , although recent studies have described a more dynamic role for KDM5B in transcriptional regulation (14, 15) . KDM5B is important for normal embryonic development (16, 17) , ES cell differentiation (14, 18, 19) and is a barrier to the iPS cell reprogramming process (18) . KDM5B has also been shown to focus H3K4 methylation near transcriptional regulatory elements such as promoters and enhancers by preventing H3K4 methylation from spreading to gene bodies and enhancer shores (14) . Moreover, the redistribution of H3K4 methylation leads to dysregulated gene expression in KDM5B-depleted ES cells. While these findings demonstrate a critical role for KDM5B in regulating H3K4 methylation at promoters and gene body regions, it is unclear how the redistribution of H3K4 methylation from promoter to gene body regions impacts the regulation of the transcription cycle of RNAPII, including initiation and elongation events.
Therefore, to clarify the role for KDM5B in regulating RNAPII elongation, and splicing, a downstream cotranscriptional process that is affected by the rate of RNAPII elongation (20) (21) (22) (23) (24) , we evaluated genome-wide changes in RNAPII distributions and RNA splicing in KDM5B-depleted ES cells. Our results show that depletion of KDM5B leads to decreased RNAPII promoter occupancy, which is correlated with decreased levels of H3K4me3 in promoter regions and decreased RNAPII initiation and elongation rates. In addition, we demonstrate that KDM5B is enriched nearby alternatively spliced exons (cassette exons), and depletion of KDM5B leads to altered levels of H3K4 methylation in alternatively spliced exon regions, which is accompanied by differential expression of these alternatively spliced exons. Together, our data implicate a novel role for KDM5B in regulating RNAPII elongation and alternative splicing in ES cells, thus contributing to the diverse mRNA repertoire in ES cells.
MATERIALS AND METHODS

ES cell culture
shLuc and shKdm5b (R1) ES cells were cultured as previously described with minor modifications (14, 18) . Briefly, R1 ES cells were cultured on irradiated mouse embryonic fibroblasts (MEFs) in Dulbecco's modified Eagle's medium/15% fetal bovine serum (FBS) media containing LIF (ESGRO) and 1 g/ml puromycin at 37
• C with 5% CO 2 . For chromatin immunoprecipitation (ChIP) experiments ES cells were cultured on gelatin-coated dishes in ES cell media containing 1.5 M CHIR9901 (GSK3 inhibitor) for several passages to remove feeder cells. ES cells were passed by washing with phosphate buffered saline, and dissociating with trypsin using serological pipettes (sc-200279, sc-200281) . For the rescue experiments, ES cells were transfected using lipofectamine 2000 with pCSH2-KDM5B-WT (wild-type) or pCSH2-KDM5B-mut (mutant; H499A) plasmids every 24 h for 72 h. Transfected ES cells were collected 48 h after the last transfection and subsequently used for downstream analyses (ChIP-PCR, western blotting).
ChIP-Seq analysis
ChIP-Seq experiments were performed as previously described with minor modifications (14, 18, 25, 26) . The mouse monoclonal RNAPII [8WG16] (ab817) and the rabbit polyclonal RNAPII Ser5P (ab5131) and RNAPII Ser2P (ab5095) antibodies were obtained from Abcam. The H3K4ac (07-539) antibody was also obtained from EMD Millipore. Briefly, 10 7 -10 8 mouse ES cells (R1) were harvested and chemically crosslinked with 1% formaldehyde (Sigma) for 5-10 min at 37
• C and subsequently sonicated. Sonicated cell extracts equivalent to 5 × 10 6 cells were used for ChIP assays. ChIP-enriched DNA was end-repaired using the End-It DNA End-Repair kit (Epicentre), followed by addition of a single A nucleotide and ligation of custom Illumina adapters. Polymerase chain reaction (PCR) was performed using Phusion High Fidelity PCR master mix. ChIP libraries were sequenced on Illumina HiSeq platforms according to the manufacture's protocol. Sequence reads were mapped to the mouse genome (mm9) using bowtie2 (27) with default settings. ChIP-Seq read enriched regions (peaks) were identified relative to control Input DNA using 'Spatial Clustering for Identification of ChIP-Enriched Regions' (SICER) software (28) with a window size setting of 200 bps, a gap setting of 400 bps, a false discovery rate (FDR) setting of 0.001. The SICER-compare function was used to compare multiple samples (FDR < 0.001, foldchange [FC] > 1.5). The RPBM measure (read per base per million reads) was used to quantify the density at genomic regions from ChIP-Seq datasets. At least two replicates were performed for the ChIP-Seq analyses. We have also applied the Kolmogorov-Smirnov test to obtain P-value statistics and compare densities at genomic regions.
Confirmation of ChIP binding using Q-PCR
Primers were designed for RNAPII ES cell ChIP-enriched genomic DNA regions using Primer 3 (http://bioinfo.ut.ee/ primer3-0.4.0/primer3/). Real-time Q-PCR was performed on non-amplified shLuc, shKdm5b and shKdm5b+mut RNAPII and Input ES cell ChIP DNA using an Applied Biosystems OneStepPlus machine.
RNA-Seq analysis
Poly-A mRNA was purified using a Dynabeads mRNA purification kit. Double-stranded cDNA was generated using a Super-Script double-stranded cDNA synthesis kit (Invitrogen). cDNA was subjected to library preparation as described above. RNA-Seq libraries were sequenced on an Illumina HiSeq platform according to the manufacturer's protocol.
The RPKM measure (read per kilobases of exon model per million reads) (29) was used to quantify the mRNA expression level of a gene from RNA-Seq data. Differentially expressed genes were identified using edgeR (FDR < 0.001; FC > 1.5) (30) .
MISO (31) was used to analyze differential expression of cassette exons (upregulated, downregulated) between control and KDM5B-depleted ES cells using the following parameters (32): exons with the inclusion level change > 0.1 were downregulated while those with < −0.1 were upregulated. The Bayes factors calculated by MISO for differentially expressed exons were required to be >1. 5 . We extracted the database of cassette exons that is included in the MISO software package. The inclusion levels ( ) of alternatively spliced exons were estimated using the MISO algorithm with default parameters (filter results = True and min event reads = 20).
Confirmation of alternative splicing using RT-PCR
Primers were designed for detecting alternatively spliced isoforms using PrimerSeq software (http://primerseq.sourceforge.net/) (33) . RT-PCR was performed on non-amplified shLuc and shKdm5b ES cell cDNA.
RESULTS
Depletion of KDM5B leads to altered RNAPII occupancy at active genes
KDM5B was previously shown to be enriched near promoters and gene body regions (14) , and depletion of KDM5B leads to decreased promoter H3K4 methylation, and increased gene body methylation (14) . To investigate whether KDM5B binding sites are lost in KDM5B-depleted ES cells we performed ChIP-Seq. Results from these experiments show that >85% of KDM5B-binding sites (SICER islands; FDR < 0.001) are lost in KDM5B-knockdown ES cells ( Figure 1A ). Depletion of KDM5B binding in shKdm5b ES cells is also evident in a scatter plot ( Figure 1B ) and an average profile of KDM5B density ( Figure 1C ). We then investigated whether KDM5B levels are positively correlated with H3K4me3 levels. Heat maps demonstrate that genomic regions highly enriched with H3K4me3 are also bound by KDM5B ( Figure 1D ).
To directly evaluate whether depletion affects the global distribution of H3K4me3 in shKdm5b ES cells (14, 18) we used ChIP-Seq data ( Figure 1E ) (14) . Spatial clustering for identification of SICER software (28) was used to define ChIP-enriched islands (FDR < 0.001; FC > 1.5).
These results demonstrate that 32% of all H3K4me3 islands (see 'Materials and Methods' section; FC > 1.5, FDR < 0.001) decrease, while 19% of H3K4me3 islands increase in KDM5B-depleted ES cells. Moreover, KDM5B levels are reduced at regions with decreased H3K4me3 (Figure 1F) . Annotation of differentially enriched H3K4me3 islands using HOMER software (34) revealed that decreased H3K4me3 islands mainly reside nearby promoter regions (28%) (±2 kb of TSS) or intergenic regions (46%), while H3K4me3 islands with increased levels in KDM5B-depleted ES cells are located in gene body regions (78%) but not promoter regions (1%) ( Figure 1G ).
To confirm the specificity of the shRNA sequences, and to determine whether alterations in H3K4me3 levels in KDM5B-depleted ES cells requires a KDM5B catalytically active JmjC domain, or KDM5B binding, we performed a rescue experiment by overexpressing an shRNA-resistant version of WT KDM5B or an shRNA-resistant enzymatically mutant version of KDM5B containing a point mutant in the first histidine residue of the Fe(II)-binding motif (H499A) (35) . RNAi knockdown of KDM5B resulted in increased H3K4me3 ( Figure 1H ), which confirms our previous findings (18) and is in alignment with the known function of KDM5B as a H3K4 demethylase. Moreover, while H3K4me3 levels were similar between shKdm5b ES cells overexpressing WT KDM5B and control (shLuc) ES cells, H3K4me3 levels increased in shKdm5b ES cells overexpressing a mutant (mut) version of KDM5B relative to control ES cells ( Figure 1H ). These results confirm previous findings that the catalytic JmjC domain of KDM5B is important for regulating H3K4me3 levels.
Because H3K4me3 is highly localized at promoter regions, we compared regions occupied by H3K4me3 and RNAPII, which is also localized at transcriptional start (TSS) regions and found that 92% of RNAPII bound regions contain H3K4me3 marks (Figure 2A , top). We also compared regions bound by KDM5B and regions co-occupied by H3K4me3/RNAPII, and found that RNAPII/H3K4me3 is enriched at 42% of KDM5B-bound regions (Figure 2A, bottom) . In addition, RNAPII occupies 58% of all KDM5B-bound regions ( Figure 2B , top), and co-binds 67% of KDM5B occupied promoter regions ( Figure 2B , bottom).
To investigate whether depletion of KDM5B alters the genome-wide distribution of RNAPII in KDM5B-depleted ES cells (14, 18) we used ChIP-Seq. These results demonstrate that 57% of RNAPII islands had decreased levels in shKdm5b ES cells relative to control (shLuc) ES cells (FDR < 0.001, FC > 1.5) ( Figure 2C ). A scatter plot of densities of all RNAPII islands ( Figure 2D ) revealed that most RNAPII-occupied regions exhibit decreased levels in shKdm5b ES cells. Boxplots of densities at TSS to pA sites [poly (A)] also show global decreases in RNAPII levels in KDM5B-depleted ES cells ( Figure 2E , left panel). Moreover, we observed decreased H3K4me3 levels at regions with decreased RNAPII binding ( Figure 2E , right panel), and decreased KDM5B binding in KDM5B-depleted ES cells at RNAPII-bound regions ( Figure 2F ). Average profiles of densities at TSS to pA sites also show global decreases in RNAPII levels in KDM5B-depleted ES cells (Figure 2G ).
Global decreases in RNAPII are also evident by evaluating average profiles of RNAPII densities around TSS regions in KDM5B-depleted ES cells ( Figure 2H ). To further characterize RNAPII binding in KDM5B-depleted ES cells we quantified the relative ratio of RNAPII in promoter to that in gene body regions, which we have termed the 'traveling index' (TI), which has also been called the traveling ratio (36) or pausing index (37) ( Figure 2I ). For genes where the rate of promoter clearance is similar to the rate of initiation, the TI is close to 1 (36, 38) , while genes with a TI greater than 1 exhibit promoter clearance of RNAPII at a rate lower than the initiation rate (38) . It was previously found that 91% of genes in ES cells exhibit a RNAPII TI >2, demonstrating that RNAPII density is greater in proximal-promoter regions relative to gene body regions (38) . Using this calculation, we observed a decrease in the TI for RNAPII in KDM5B-depleted ES cells (red) relative to control (shLuc) ES cells (black) ( Figure 2J ): We also observed 91% of genes with a RNAPII TI >2 in control ES cells, but only 58% of genes with a RNAPII TI >2 in KDM5B-depleted ES cells. To evaluate whether KDM5B binding influences the RNAPII TI we quantified the relative ratio of RNAPII in promoter to that in gene body regions for genes whose promoters are bound or unbound by KDM5B, respectively. Using this approach, we observed a greater decrease in the TI for RNAPII in KDM5B-depleted ES cells (red) relative to control (shLuc) ES cells (black) for genes whose promoters are bound by KDM5B relative to genes whose promoters are unbound by KDM5B (Supplementary Figure S1A and B).
To determine whether decreased RNAPII binding is due to decreased occupancy of KDM5B or altered H3K4 methylation levels we performed a rescue experiment by overexpressing an shRNA-resistant enzymatically mutant version of KDM5B (H499A) (35) in KDM5B-depleted ES cells, and subsequently evaluated RNAPII binding using ChIP-PCR. Our results confirm our ChIP-Seq findings, where we observed decreased RNAPII binding at several genomic regions in KDM5B-depleted ES cells relative to control (shLuc) ES cells (Supplementary Figure S1C) . Moreover, we also observed decreased RNAPII occupancy in shKdm5b ES cells overexpressing mutant KDM5B (shKdm5b+mut), suggesting that decreased RNAPII occupancy is due to altered H3K4me3 levels and not decreased KDM5B binding (Supplementary Figure S1C) .
These results suggest that depletion of KDM5B impacts occupancy of RNAPII at promoter regions and may suggest that KDM5B affects the rate of RNAPII elongation, including promoter clearance and intragenic speed of RNAPII. These results also demonstrate that a significant fraction of genes have a higher RNAPII density in gene body regions relative to promoter regions in KDM5B-depleted ES cells, which could be a result of cryptic RNAPII recruitment or initiation following spreading of H3K4 methylation from promoters to gene body regions in KDM5B-depleted ES cells.
We also found a correlation between decreased levels of RNAPII and H3K4me3 in KDM5B-depleted ES cells (Figure 2K ), suggesting that a re-distribution of H3K4me3 from promoter regions to gene body regions may negatively impact RNAPII elongation.
KDM5B regulates RNAPII initiation in ES cells
RNAPII is phosphorylated on the C-terminal domain (CTD) of the large subunit during the transcription cycle. Following recruitment of RNAPII to the pre-initiation complex, which contains an unphosphorylated CTD, the CTD is phosphorylated at the serine five residue (Ser5) during initiation and the serine two residue (Ser2) during elongation (39) . While the majority of RNAPII Ser5P peaks can be found nearby promoter regions, because RNAPII Ser5P can also be observed in gene body region (40), RNAPII Ser5P may also be involved in non-initiation transcriptional events.
To investigate the role of KDM5B in RNAPII initiation we performed ChIP-Seq to evaluate RNAPII Ser5P levels in KDM5B-depleted ES cells. A comparison of KDM5B binding sites with RNAPII Ser5P bound regions revealed that >69% of KDM5B targets were enriched with RNAPII Ser5P at promoter regions ( Figure 3A) . By evaluating the global distribution of RNAPII Ser5P regions we observed a global decrease ( Figure 3B and C) , although a smaller number of RNAPII Ser5P occupied regions exhibited increased levels. Moreover, KDM5B binding levels decreased at RNAPII-Ser5P occupied regions in KDM5B-depleted ES cells relative to control ES cells ( Figure 3D ). Average profiles ( Figure 3E ) and heatmaps ( Figure 3F ) of densities at TSS to pA regions also revealed global decreases in RNAPII Ser5P levels in KDM5B-depleted ES cells.
In addition, global decreases in RNAPII Ser5P are also observed by evaluating average profiles of RNAPII Ser5P densities around TSS regions ( Figure 3G ) in KDM5B-depleted ES cells. Because RNAPII levels decreased in KDM5B-depleted ES cells, to test whether KDM5B directly regulates RNAPII initiation or whether decreased RNAPII Ser5P levels are a result of decreased RNAPII binding in KDM5B-depleted ES cells, we evaluated RNAPII Ser5P levels by normalizing to total RNAPII.
Results from these analyses demonstrate that RNAPIISer5P densities decrease in gene body regions of highly expressed genes in KDM5B-depleted ES cells relative to control (shLuc) ES cells (Supplementary Figure S2A) . However, by normalizing to total RNAPII levels, we found that RNAPII-Ser5P promoter levels are similar between shLuc and shKdm5b ES cells (Supplementary Figure S2A) . While these findings demonstrate that RNAPII-Ser5P levels decrease at active genes in KDM5B-depleted ES cells relative to control cells, because total RNAPII and initiated RNAPII (Ser5P) exhibit similar decreases in shKdm5b ES cells, it is likely that decreased RNAPII initiation (Ser5P) is a result of decreased RNAPII binding in KDM5B-depleted ES cells.
Overall, these results suggest that KDM5B regulates the rate-limiting step of initiation after RNAPII is recruited to promoters and subsequently modified on the CTD to Ser5P. It is possible that decreased initiation in KDM5B-depleted ES cells is due to spreading of H3K4 methylation from promoters to gene body regions. UCSC browser views also reveal decreased RNAPII and RNAPII Ser5P at promoters of active genes ( Figure 3H ). Overall, these results suggest that KDM5B positively regulates RNAPII initiation at promoter regions.
Depletion of KDM5B leads to dysregulated RNAPII elongation
To evaluate the role for KDM5B in RNAPII elongation we interrogated RNAPII Ser2P occupancy in KDM5B-depleted ES cells using ChIP-Seq. A comparison of KDM5B binding sites with RNAPII Ser2P bound regions showed that >60% of RNAPII Ser2P enriched regions were co-occupied with KDM5B at genic regions ( Figure 4A ). An analysis of RNAPII Ser2P levels demonstrated a global decrease in KDM5B-depleted ES cells, although a subset displayed elevated levels ( Figure 4B ). Annotation of islands showed that RNAPII Ser2P levels decreased predominantly in introns ( Figure 4C ) while RNAPII Ser2P levels increased mainly in intergenic regions ( Figure 4C ). Moreover, islands with decreased RNAPII Ser2P levels were located further from TSS regions relative to islands with increased RNAPII Ser2P levels ( Figure 4D ), suggesting that RNAPII Ser2P elongation rates decrease as a function of distance from TSS regions in KDM5B-depleted ES cells. Combined, these results suggest a decreased rate of RNAPII elongation (RNAPII Ser2P), where decreased levels of RNAPII Ser2P were observed in gene body regions and increased RNAPII Ser2P levels were observed at a subset of regions closer to TSS regions. Although RNAPII Ser2P levels decreased at a subset of regions, it is possible that some of these increases reflect a shift in RNAPII Ser2P elongation closer to TSS regions ( Figure 4D ). Overall, these results suggest that elongation rates decrease globally in KDM5B-depleted ES cells.
Boxplots ( Figure 4E ) and scatter plots ( Figure 4F ) also revealed increased and decreased levels of RNAPII Ser2P in KDM5B-depleted ES cells. Dysregulated RNAPII Ser2P elongation is also evident by evaluating average profiles of RNAPII Ser2P densities around TSS-pA regions ( Figure  4G ) and TSS regions ( Figure 4H ). These analyses reveal decreased RNAPII Ser2P levels at TES regions in KDM5B-depleted ES cells ( Figure 4G and H) . Moreover, decreased RNAPII Ser2P levels are visible in a TSS-pA heatmap (Figure 4I) .
Because RNAPII levels decreased in KDM5B-depleted ES cells, to test whether KDM5B directly regulates RNAPII elongation or whether decreased RNAPII Ser2P levels are a result of decreased RNAPII binding in KDM5B-depleted ES cells, we evaluated RNAPII Ser2P levels by normalizing to total RNAPII. Results from these analyses demonstrate that RNAPII-Ser2P densities decrease in gene body regions of highly expressed genes in KDM5B-depleted ES cells relative to control (shLuc) ES cells (Supplementary Figure S2B) . These results suggest that RNAPII-Ser2P levels decrease at active genes in KDM5B-depleted ES cells relative to control cells. These findings implicate a role for KDM5B in regulating elongation after RNAPII is recruited to promoters and subsequently modified on the CTD to Ser2P. In addition, annotation of the RNAPII Ser2P differentially occupied regions revealed that the underlying genes encode transcripts involved in metabolic processes such as lysine degradation, and RNA polymerase ( Figure 4J, left) , and are bound by KDM5B ( Figure 4J, right) . In summary, these findings demonstrate a role for KDM5B in regulating RNAPII Ser2P elongation in ES cells.
Broad H3K4me3 domains are transcriptionally dysregulated in KDM5B-depleted ES cells
Broad H3K4me3 domains have been suggested to mark genes involved in cell identity (41) , including pluripotency regulators. However, the role for broad H3K4me3 domains in transcriptional regulation, and how they are regulated by histone demethylases, is largely unknown. To investigate a potential role for H3K4me3 breadth in KDM5B-regulated transcriptional elongation, we first compared the breadth of H3K4me3, KDM5B and RNAPII in ES cells ( Figure 5A ). While the majority of KDM5B, H3K4me3 and RNAPII domains are 1-3 kb in length, domains broader than 35 and 45 kb were found for H3K4me3 and KDM5B, respectively, and the top 5% of broad H3K4me3 domains ( Figure  5B ) had an average length of ∼7kb. Because we previously found that depletion of KDM5B leads to decreased levels of H3K4 methylation at promoters and increased levels in gene body regions (14) , we investigated whether regions of broad H3K4me3 exhibit a similar spreading of H3K4 methylation from promoter to gene body regions as was previously observed for all active genes (14) . A heatmap ( Figure 5C ) and average profiles of H3K4me3 densities at TSS ( Figure 5D ) or TSS-pA regions ( Figure 5E ) revealed a marked decrease at promoter regions and an increase in gene body regions in KDM5B-depleted ES cells.
To investigate whether transcriptional dynamics of genes marked by broad H3K4me3 domains are altered in KDM5B-depleted ES cells we evaluated the levels of RNAPII, RNAPII Ser5P and RNAPII Ser2P in shLuc and shKdm5b ES cells. Boxplots revealed that RNAPII, RNAPII Ser5P and RNAPII Ser2P levels decreased in KDM5B-depleted ES cells (Figure 5F ), although the decrease of RNAPII was not as significant relative to all RNAPII marked regions ( Figure 2E ). Heatmaps also revealed decreased levels of RNAPII and RNAPII Ser2P in KDM5B-depleted ES cells ( Figure 5G ). While the decrease in H3K4me3 levels at promoter regions was similar between genes marked by broad H3K4me3 domains (Figure 5D ) and all promoters (14) , the increase in H3K4me3 in gene bodies was not as robust relative to genes marked with broad H3K4me3 domains ( Figure 5E ) (14) . The slight differences in spreading of H3K4 methylation from promoters to gene bodies may be attributed to the breadth of H3K4me3 domains, which is significantly wider at these regions relative to all genes.
We also evaluated the relative levels of RNAPII, RNAPII Ser5P and RNAPII Ser2P in promoter and gene body regions that are at least 5 kb in length. While RNAPII, RNAPII Ser5P and RNAPII Ser2P levels decreased at promoters regions, and RNAPII Ser5P and RNAPII Ser2P levels decreased in gene body regions, RNAPII levels increased in gene body regions, suggesting that RNAPII may accumulate in gene bodies of regions with broad H3K4me3 domains ( Figure 5H ).
While our previous findings demonstrate that H3K4me3 domains are globally altered in KDM5B-depleted ES cells (14) , it is unknown whether the sharpest H3K4me3 domains (top 5%) are altered in a similar way. As described above, the majority of H3K4me3 domains are 1-3 kb in length. In addition, the top 5% of sharp H3K4me3 domains (Supplementary Figure S3A) had an average length of 940 bp. An average profile (Supplementary Figure S3B) and boxplot (Supplementary Figure S3C) revealed that H3K4me3 levels decreased in KDM5B-depleted ES cells. We also found that regions of sharp H3K4me3 exhibit a similar spreading of H3K4 methylation from promoter to gene body regions as was previously observed for all active genes (14) . Our results show that a heatmap (Supplementary Figure S3D ) and an average profile (Supplementary Figure S3E) revealed a decrease at promoter regions and an increase in gene body regions in KDM5B-depleted ES cells.
In an analogous way as described above, to investigate whether transcriptional dynamics of genes marked by sharp H3K4me3 domains are altered in KDM5B-depleted ES cells we evaluated the levels of RNAPII, RNAPII Ser5P and RNAPII Ser2P in shLuc and shKdm5b ES cells. Boxplots showed that RNAPII, RNAPII Ser5P and RNAPII Ser2P levels decreased in KDM5B-depleted ES cells (Supplementary Figure S3F ). Overall, these results demonstrate that depletion of KDM5B leads to decreased RNAPII, RNAPII Ser5P and RNAPII Ser2P at genes marked by broad or sharp H3K4me3 peaks.
KDM5B regulates splicing in ES cells
Co-transcriptional processes such as histone demethylation and splicing co-occur with the progression of RNAPII along gene bodies to facilitate elongation and to reset the underlying chromatin. In addition, histone modifications have important roles in controlling splice site choice (42) (43) (44) (45) , and H3K4me3 has been shown to be enriched at exonintron junctions (46, 47) . These results suggest that spreading of H3K4 methylation from promoters to gene bodies, or depletion of KDM5B, may affect splicing. We also observed enrichment of KDM5B (Figure 6A ), elevated H3K4me3 ( Figure 6B ), decreased RNAPII Ser5P ( Figure 6C ) and decreased RNAPII Ser2P ( Figure 6D ) in exon regions of gene bodies. Enrichment of KDM5B binding was markedly higher at exonic regions of gene bodies relative to random genomic regions of similar size and frequency ( Figure 6A , right panel). These results implicate a potential role for KDM5B in regulating splicing.
To directly test whether KDM5B regulates splicing, we performed paired-end RNA-Seq to determine expression levels of annotated alternatively spliced exons and splicing patterns in control and KDM5B-depleted ES cells. Our analyses revealed that depletion of KDM5B leads to a significant upregulation of 275 alternatively spliced exons and downregulation of 302 alternatively spliced exons. We then examined the levels of H3K4me3 at the alternatively spliced exons and around the 5 and 3 neighboring exons (Figure 6E) . These analyses revealed that upregulated alternatively spliced exons and their 5 neighboring exons had decreased levels of H3K4me3, while 3 exons had lower levels of H3K4me3 ( Figure 6E ), suggesting that H3K4me3 at alternatively spliced exons and upstream exons may regulate splicing. In addition, the 5 exons of downregulated alternatively spliced exons had decreased levels of H3K4me3, while 3 exons had lower levels of H3K4me3 ( Figure 6F ). We confirmed the differential expression of several alternatively spliced exons in shKdm5b ES cells using RT-PCR. These results reveal exon exclusion and inclusion relative to constitutively expressed 5 and 3 flanking exons in KDM5B-depleted ES cells (Supplementary Figure S4A) . Interestingly, analysis of RNA-Seq data revealed that Pbrm1 is highly expressed in ES cells and during differentiation (18) . Moreover, Pbrm1 has also been shown to be important for cardiac development (48) . CD151 is also expressed during ES cell differentiation (18) and it is involved in diverse functions such as cell-cell adhesion, cell migration, platelet aggregation and angiogenesis (49) .
Because we observed enrichment of KDM5B at all exons ( Figure 6A ), we evaluated levels of KDM5B at upregulated and downregulated alternatively spliced exons. These results revealed that 5 exons of upregulated alternatively spliced exons had elevated levels of KDM5B relative to downregulated alternatively spliced exons ( Figure 6G ). These analyses also show that KDM5B levels at 5 exons neighboring alternatively spliced exons are positively correlated with H3K4me3 levels. In this case, 5 exons of upregulated alternatively spliced exons have higher levels of KDM5B and H3K4me3 (shLuc) relative to downregulated alternatively spliced exons ( Figure 6G) . Overall, these results show KDM5B is enriched at 5 exons neighboring al- ternatively spliced exons, and depletion of KDM5B leads to decreased levels of H3K4me3 at alternatively spliced exons and their 5 neighboring exons, suggesting that KDM5B plays a role in regulating splicing in ES cells. Because depletion of KDM5B leads to decreased H3K4me3 at promoter regions, and we observed decreased H3K4me3 at 5 exons neighboring alternatively spliced exons, these results suggest that expression of exons near promoter regions are likely affected by depletion of KDM5B.
To test whether depletion of KDM5B affects splicing of exons near promoter regions we evaluated expression levels of exons in close proximity to TSS regions (5 exon within 1 kb of TSS). These results show that depletion of KDM5B leads to upregulation of 101 alternatively spliced exons and downregulation of 116 alternatively spliced exons. As described above, we also examined the levels of H3K4me3 at alternatively spliced exons and around the 5 and 3 neighboring exons. These results also show that upregulated alternatively spliced exons and their 5 neighboring exons (within 1 kb of TSS) had decreased levels of H3K4me3, while 3 exons had lower levels of H3K4me3 (Supplementary Figure S4B ), further suggesting that H3K4me3 at alternatively spliced exons and upstream exons regulate splicing. We also found that the 5 exons (<1 kb of TSS) of downregulated alternatively spliced exons had decreased levels of H3K4me3, while 3 exons had lower levels of H3K4me3 (Supplementary Figure S4C) . Moreover, KDM5B levels at 5 exons (<1 kb of TSS) neighboring alternatively spliced exons are positively correlated with H3K4me3 levels, and 5 exons of upregulated alternatively spliced exons have higher levels of KDM5B and H3K4me3 (shLuc) relative to downregulated alternatively spliced exons (Supplementary Figure S4D) . Overall, these results show that depletion of KDM5B regulates splicing in ES cells.
While slow RNAPII elongation has been demonstrated to allow weak splice sites to be recognized, which can lead to higher inclusion of alternative exons (20) , slow elongation can also cause exon skipping by promoting recruitment of negative splicing factors (22) . Our findings, which demonstrate that slow elongation promotes exon inclusion or exclusion, is in alignment with two models that have been proposed to explain the regulation of alternative pre-mRNA splicing by RNAPII.
In addition, functional annotation showed that genes with differentially expressed alternatively spliced exons in KDM5B-depleted ES cells are developmentally regulated (Supplementary Figure S5A) and bound by KDM5B (Supplementary Figure S5A ). We then compared these genes with differentially expressed alternatively spliced exons with global expression data from ES cells and embryoid body (EB) differentiated cells (50) using gene set enrichment analysis (51) . This analysis shows that expression of genes with upregulated alternatively spliced exons is enriched in ES cells (Supplementary Figure S5B) , while expression of genes with downregulated alternatively spliced exons is enriched in both ES cells and EB differentiated cells (Supplementary Figure S5B ). Moreover, DAVID (52) gene ontology analysis revealed that genes with upregulated alternatively spliced exons are involved in metabolic (e.g. nucleotide) processes whereas genes with downregulated alternatively spliced exons are involved in RNA splicing, gene expression, RNA processing and chromatin modification (Supplementary Figure S5C ), suggesting that a loss of KDM5B impacts ES cell function. Overall, these results demonstrate a role for KDM5B in regulating splicing in ES cells.
DISCUSSION
Although H3K4 methylation is widely known to be localized at active promoters (3), as more than 80% of genes with H3K4me3 marked promoters are actively transcribed (53) , its role in transcription events such as elongation and alternative splicing are largely unknown. Evidence suggests that H3K4me3 is necessary for RNAPII recruitment to promoters, but not sufficient for elongation (54) . Also, it was reported that breadth of H3K4me3 is associated with elevated transcription elongation (55) , suggesting an epigenetically regulated transcriptional signature at active genes. It has also been suggested that exon length is correlated with activating histone modifications such as H3K4me3 and splicing events (56) . Moreover, HDACs, which have been shown to interact with KDM5B (57) , are also thought to regulate splicing (58) , and H3K4 methyltransferase complex proteins have also been shown to regulate splicing (59) .
In this study we found that KDM5B, an H3K4 demethylase, which is co-localized with RNAPII at promoters of active genes in ES cells, regulates RNAPII promoter occupancy, transcription initiation and elongation, and splicing in ES cells. Our findings also suggest that global decreases in promoter H3K4me3 levels leads to a dysregulated transcriptional cycle comprised of decreased RNAPII recruitment, decreased initiation, decreased elongation and altered splicing events.
There are several plausible mechanisms for globally decreased occupancy of RNAPII, RNAPII Ser5P and RNAPII Ser2P, and differential expression of alternatively spliced exons in KDM5B-depleted ES cells. First, decreased H3K4me3 levels at promoter regions caused by depletion of KDM5B may influence the rate of RNAPII recruitment to promoters, which subsequently affects RNAPII initiation, elongation and expression of alternatively spliced exons. Second, increased H3K4me3 levels in gene bodies of active genes caused by depletion of KDM5B (14) may lead to cryptic recruitment and initiation of RNAPII, which may influence the rate of RNAPII initiation, elongation and expression of alternatively spliced exons. Third, because KDM5B binds to gene body regions of active genes (14) , and it has been suggested to interact with MRG15, an H3K36me3 interacting protein (60), a loss of KDM5B may negatively influence the rate of transcription elongation. Each of these scenarios would likely lead to decreased rates of elongation and more time for splicing machinery to recognize alternatively spliced exons in the final transcript. Our results support the model of transcription-coupled splicing, where decreased rates of elongating RNAPII Ser2P may lead to dysregulated splicing. Also, because KDM5B-depleted ES cells exhibit a decrease in the TI (Figure 2J ), these results may suggest that KDM5B plays a role in regulating RNAPII pausing or occupancy of RNAPII at promoter regions. While promoter-proximal RNAPII levels decreased at active and non-productive genes in KDM5B-depleted ES cells, we also observed decreased levels of iniNucleic Acids Research, 2017, Vol. 45, No. 11 6439 tiated RNAPII (Ser5P) and elongating RNAPII (Ser2P), which is thought to be essential for release of paused RNAPII and for productive elongation (61, 62) . Because depletion of KDM5B leads to decreased RNAPII Ser2P levels, and decreased pausing is associated with increased RNAPII Ser2P levels in gene bodies, while it is possible that KDM5B regulates pausing, our results suggest that depletion of KDM5B affects promoter occupancy rather than pausing. On the other hand, because depletion of KDM5B leads to decreased H3K4me3 levels in promoter regions and increased H3K4me3 in gene body regions, it is possible that increased release of paused RNAPII into gene bodies due to decreased levels of RNAPII and H3K4me3 in promoter regions is accompanied by slower elongation rates due to increased H3K4me3 in gene bodies. Moreover, it is likely that alterations in H3K4me3 are a result of depletion of KDM5B as opposed to differential expression of other H3K4 modifying enzymes, as previous work demonstrated that expression of Jarid family members is unaltered in KDM5B-depleted ES cells (18) , and our current results demonstrate that expression of the H3K4 methyltransferases, Setd1a and Kmt2a/MLL1, is also unaltered in KDM5B-depleted ES cells (Supplementary Figure S6) . Furthermore, it is likely that alterations in H3K4me3 or loss of KDM5B binding leads to altered RNAPII elongation in KDM5B-depleted ES cells as opposed to changes in histone acetylation due to depletion of KDM5B which could affect elongation rates. While H3K4ac has been shown to be enriched at active promoters and regulated by H3K4me3 (63), our results demonstrate that H3K4ac levels are similar between shLuc and shKdm5b ES cells. Average profiles (Supplementary Figure S7A and B), heat maps (Supplementary Figure S7C) , scatter plots (Supplementary Figure S7D) and a UCSC genome browser view (Supplementary Figure S7E) show that H3K4ac levels are similar between shLuc and shKdm5b ES cells. Additionally, H3K4ac levels were similarly low in gene body regions of shLuc and shKdm5b ES cells (Supplementary Figure S7E and F) . Western blots also confirmed similar levels of H3K4ac between shLuc and shKdm5b ES cells (Supplementary Figure S7G) . Overall, our results demonstrate that KDM5B plays an important role in regulating RNAPII dynamics in ES cells.
Two models have been proposed to explain how RNAPII elongation dynamics regulate RNA splicing (64) . The kinetic model suggests that the rate of RNAPII elongation regulates alternative splicing events (20) . In this case, slow elongation generally favors exon inclusion, while an increased rate of elongation favors exon exclusion. The recruitment model suggests that splicing factors associating with transcriptional machinery or chromatin may influence splice choices. An integrative model has also been suggested to control splice choice, where similar alterations in elongation rates may lead to different splice choice (22) . Our results are in agreement with the integrative model, where slow elongation leads to exon inclusion or exclusion.
It has been suggested that epigenetic information, such as H3K4me3, is predictive of mRNA production (54, 65, 66) , RNAPII recruitment and elongation. While these previous analyses have evaluated static states of epigenetic data (e.g. histone modification levels in different cell types), rather than dynamic systems involving modulation of histone modifications, it is unclear whether co-localization of histone modifications with transcriptional machinery (e.g. RNAPII) at promoters regulates the transcriptional cycle. Because our results suggest that modulation of H3K4 methylation levels in promoter and gene body regions, by depleting KDM5B, influences RNAPII initiation and elongation, and splicing in ES cells, our study may to serve as a predictive platform for assessing RNAPII dynamics from histone modification information.
CONCLUSION
Together, these findings provide novel insights into the role for KDM5B and H3K4me3 in regulating RNAPII elongation and splicing in ES cells, where KDM5B-mediated focusing of H3K4 methylation near promoters to prevent the spread of these marks to surrounding regions maintains integrity of the transcription cycle.
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